Panallergens comprise various protein families of plant as well as animal origin and are responsible for wide IgE cross-reactivity between related and unrelated allergenic sources. Such cross-reactivities include reactions between various pollen sources, pollen and plant-derived foods as well as invertebrate-derived inhalants and foodstuff. Here, we provide an overview on the most clinically relevant panallergens from plants (profilins, polcalcins, non-specific lipid transfer proteins, pathogenesis-related protein family 10 members) and on the prominent animal-derived panallergen family, tropomyosins. In addition, we explore the role of panallergens in the sensitization process and progress of the allergic disease. Emphasis is given on epidemiological aspects of panallergen sensitization and clinical manifestations. Finally, the issues related to diagnosis and therapy of patients sensitized to panallergens are outlined, and the use of panallergens as predictors for cross-reactive allergy and as biomarkers for disease severity is discussed.
Allergens are harmless common environmental substances capable of inducing IgE-mediated (type-I) hypersensitivities in atopic individuals (1) . Allergens have been identified in a variety of sources including over 80 plant species and over 100 animal species (2) . In most cases, an allergenic source contains more than one allergen deriving from different protein families, which in turn exhibit differential sensitization rates (3). Many allergens have been implicated in cross-reactivities, where a patient sensitized to a specific source is also reacting to other related and/or non-related sources. The foundation of such cross-recognitions is the presence of conserved linear or conformational IgE epitopes among members of the same protein family (4) . Panallergens are proteins that take part in key processes of organisms and are therefore ubiquitously distributed with highly conserved sequences and structures (2) . Thus, panallergens are implicated in a multitude of crossreactions, even between phylogenetically distant and unrelated organisms (2) . Such cross-reactivities include reactions between various pollen sources (5, 6) , pollen and plant foods (7) as well as invertebrate inhalants and foods (8, 9) . So far, panallergens have been classified into a few protein families with different levels of distribution and cross-reactivity. In this review, we provide an overview on the most clinically relevant panallergens from plants (profilins, polcalcins, non-specific lipid transfer proteins, pathogenesis-related protein family 10 members) as well as a prominent animal panallergen family (tropomyosins). Until now, 44 profilins, 15 polcalcins, 45 nsLTPs, 24 PR-10s and 29 tropomyosins have been identified and officially acknowledged by the WHO/IUIS allergen nomenclature subcommittee (www.allergen.org) ( Tables 1  and 2 ).
This review also undertakes the task of clarifying the role of panallergens in the sensitization process and the progress of the allergic disease. Whilst controversially discussed, panallergen sensitizations have been shown to provide further complexity to the allergic profile of patients (10 sensitization further complicates the allergic disease notably due to its most defining feature, cross-reactivity. Panallergen cross-reactivities can result in a wider range of IgE responses to distinct allergen sources, hence creating false positives in diagnosis and further complicating treatment (11) . Although just a minority of individuals become sensitized and go onto develop allergy towards panallergens, this phenomenon appears to be highly influenced by many variables including allergen source exposure, geographic differences (12), the type of allergen source and age demography (13) . Such variations are reflected in the disparity of results obtained within the literature and highlight the need for understanding panallergens and their sensitization profiles in the development of future diagnostics and treatments of allergy.
Profilins
Profilins are 12-16 kDa, actin(-monomer)-binding proteins, expressed in all eukaryotic cells and certain viruses, with the exception of some protists (14, 15) . Profilins promote polymerization of actin filaments and monomers and are thus involved in the generation of the cytoskeleton and movement (15) . A variety of 50 additional identified profilin ligands, like phosphoinositides or proteins containing proline rich domains (also used for purification), suggest an important role in many more complex molecular processes as well as signal transduction (16, 17) . They belong to the a-b class of proteins with a highly conserved structure consisting of a central antiparallel b-sheet core surrounded by a-helices (18) . The first allergenic profilin, Bet v 2 from birch pollen, was identified in 1991 (19) , and since then, many allergenic members have been identified in pollen, plant foods and latex (www.allergen.org). The involvement of profilins in such essential cellular processes explains their ubiquitous expression and high levels of conservation. This, in turn, can justify the strong serologic cross-reactivity of the molecules (20) . The worldwide prevalence of profilin sensitization, which appears to be initiated by sensitization to pollen, lies between 5% and 42%, whilst the sensitization profile is influenced by geographic factors and can vary greatly between different countries (20, 21) . For some profilins, the sensitization rates can reach proportions of major allergens >50% (e.g. Pho d 2 from date palm) (22) . As profilins are labile against heat and gastric digestion, reactions to food profilins manifested as pollen-food syndromes are not uncommon (2) .
Polcalcins
Polcalcins are a pollen-restricted portion of widespread Ca 2+ -binding proteins comprising a major group of allergenic molecules of this kind. The mostly a-helical proteins contain the characteristic EF-hand motifs (helix-loop-helix structure), which are responsible for the binding of calcium. Polcalcins have a molecular mass of 9-28 kDa, depending on the number of EF-hand motifs they hold (2, 3 or 4 EF-hand motifs), and show a monomeric or dimeric structure. They can assume two different conformations; a closed, Ca
2+
-free apo-form and an open, Ca 2+ -bound holo form which is more stable and results in stronger interactions with IgE antibodies (23) . Although the exact physiologic function of polcalcins remains elusive, their localization in the pollen and their ability to regulate intracellular Ca 2+ levels suggest a contribution in pollen tube outgrowth (24) . Allergenic polcalcins derive from tree, grass and weed pollen; are highly cross-reactive; and induce sensitization rates between 5% and 10% among pollen-allergic patients (2) . It seems that the clinical relevance of polcalcin sensitization is highly dependent on geographic factors and therefore exposure. Phl p 7 from timothy grass pollen is, among all allergenic polcalcins, the most cross-reactive molecule and could hence be used as a marker to identify multiple pollen sensitizations (25) .
Non-specific lipid transfer proteins (nsLTPs)
Originally named after their ability to transfer lipid molecules between membranes in vitro, which seems unlikely in vivo, lipid transfer proteins (LTPs) are widely distributed small and basic proteins in higher plants (26) . LTPs can be either lipid specific or can non-specifically accommodate several classes of lipids (nsLTPs); all allergenic LTP members have been found within the nsLTP cluster. According to their size, nsLTPs can be further subdivided into the 9 kDa nsLTP1 and the 7 kDa nsLTP2 subfamilies (27, 28) . Their physiologic function is still unknown; however, accumulating evidence shows that they play a role in cytology, growth and development. Furthermore, the implication of nsLTPs in the general defence of plants classifies them as members of the pathogenesis-related protein family (PR-14 family) (26, 29) . nsLTPs share a common conserved tertiary structure consisting of four a-helices stabilized by 4 disulphide bonds (eight-cysteine motif), forming a hydrophobic tunnel-like cavity, where interactions with lipids occur (30, 31) . Allergenic nsLTPs show a wide distribution in pollen of trees and weeds, in foods (fruits, nuts, seeds and vegetables) as well as in latex (2) . Due to their high thermal and proteolytic stability, nsLTPs are potent class I food allergens. Nevertheless, it is still unclear whether pollen or food nsLTPs are the primary sensitizers (32) . nsLTPs are clinically highly relevant and cross-reactive allergens. In Mediterranean areas, nsLTP representatives like Pru p 3 from peach constitute major allergens, whilst in Central and Northern areas, sensitization to Pru p 3 is limited (33). 
Tropomyosin
Tropomyosins are a-helical and, in their native form, dimeric coiled-coil fibrous structural proteins consisting of two subunits (a, b), each with a molecular weight ranging from 34 to 38 kDa. They form co-polymers with actin and regulate actinmyosin interactions in skeletal muscles and diversify the functions of actin filaments in different intracellular compartments (39) . Evolutionarily, tropomyosins were introduced in metazoa and fungi to expand the functional capacity of actin filaments without enlarging the number of actin isoforms and are therefore not present in plants. In vertebrates, four highly conserved tropomyosin genes are expressed. The increasing number of tropomyosins and splicing variants parallels the increasing complexity of the animal kingdom (15) . Tropomyosins are considered important food allergens, whereas tropomyosins from vertebrates are typically non-allergenic, with the exception of the fresh water fish tilapia (9) . Crustacean shellfish form one group of 'the big-8' major food allergens (www.fda.-gov). The highly heat-stable tropomyosins comprise the major allergens in crustaceans and mollusks, making them significant food allergens in exposed populations (40) . In addition, these patients show frequent reactions towards (house dust) mites and insects, especially in warmer climates where the growth of house dust mites is favoured. Several studies have already established cross-reactivity between seafood, mollusks, insects and some parasites (41, 42) . However, the route of sensitization remains a matter of debate. There is a controversy as to whether primary sensitization is happening via the gastrointestinal or the respiratory tract. Nonetheless, there are clear indications that inhalation of aeroallergens or cooking vapours is an important sensitising route in the context of tropomyosin hypersensitivity (41, 43) . A schematic diagram describing potential exposure routes and sensitization to tropomyosins is presented in Fig. 1 .
Sensitization patterns
Panallergen sensitizations tend to occur as part of a co-or poly-sensitization profile, with panallergen monosensitizations rarely arising (44, 45) . In particular, panallergen sensitizations are commonly associated with high or prolonged exposure to a given allergen source, often correlating with increased severity of disease (10, 12) . The clinical relevance of panallergens is highly influenced by a number of factors including differences in geographic region (12) , allergenic source, the host response against the allergen and exposure (13 Furthermore, such increased rates of panallergen sensitization have been shown to correlate with an increased severity of allergic symptoms (and in the absence of panallergen allergy). A study carried out by Alverado et al. investigating profilinrelated allergic reactions over both an intense and a mild grass pollen season showed that more severe profilin allergy occurred during the intense season again emphasising the relationship between higher allergen exposures and increased panallergen sensitization rates (44) . This phenomenon has been further demonstrated in a large study of 891 allergic patients from Spain where sensitizations to grass pollen profilin correlated with the severity of the allergic disease (12) . Conversely, recent studies have emerged describing sensitizations to multiple panallergen families and their effects in reducing the severity of allergic reactions. In particular, (3) . Considering that many allergenic sources contain multiple panallergen families, exploring this avenue and the theories behind such interactions may be of key benefit for developing therapeutic strategies (3, 46) . Further investigations into allergies of different plant species have revealed that certain pollen exhibits extraordinarily high rates of panallergen sensitization (48, 49) . For Chenopodium album pollen (white goosefoot), sensitization rates of 55% and 46% to profilin and polcalcin, respectively, have been reported (48) . A further study by Nouri et al., carried out in an Iranian cohort, showed that 81% of patients tested positive to the profilin panallergen Che a 2 (49). Disparity of panallergen sensitizations is also exhibited between child and adult populations. Interestingly, Barber et al. also show sensitizations towards the peach nsLTP Pru p 3 to be more prevalent within children than in adult populations in areas of high pollen sensitization in Spain (12) . Furthermore, in a Mediterranean study observing nsLTP sensitizations, it was shown that children below the age of six were more frequently sensitized by Pru p 3. However, for the adult population, sensitizations to the walnut nsLTP Jug r 3 reached comparable levels, suggesting an alternative source of sensitization within this age group (46) . Such epidemiological differences must be considered when performing clinical investigations, and understanding such profiles of panallergen sensitizations may be of high clinical benefit in both diagnosis and treatment of allergy.
Panallergen allergy
For only a minority of patients sensitized to panallergens, allergy arises (50) . It is in such cases that the cross-reactivity of panallergens plays a role in worsening the allergic profile of patients via increasing the amount of potential allergenic reactions to allergens in unrelated sources (51) . Tropomyosins (43), profilins, PR-10s and nsLTPs are commonly found in food and plant sources (Tables 1 and 2 ) and are strongly associated to food allergy arising as a consequence of cross-reactivity to inhaled allergens (51, 52) . Pollen-food allergy syndrome is occurring commonly for profilins, PR-10s and nsLTPs (51) , especially when exposure rates are increased (12) . Associated symptoms range from oral allergy to anaphylaxis and high cooccurrence with other atopic diseases including allergic rhinitis and asthma, further emphasising the clinical relevance of panallergens (51, (53) (54) (55) . Identification of such cross-reactivities may be vital in finding biomarkers for allergy. For example, the discovery of cross-reactions between the plane pollen nsLTP Pla a 3 and the peach nsLTP Pru p 3 has elucidated the potential use of Pla a 3 as a biomarker in identifying plane pollen-allergic patients at risk of developing plant food-related nsLTP allergies, thereby improving diagnosis and treatment (56) . Such strategies may be helpful in avoiding unnecessary dietary restrictions associated to food allergy (57) .
It is of note that these different panallergen families present varying levels of severity with regard to the symptoms induced. Tropomyosin represents the only panallergen family with the potential to induce autoimmune responses (58) ; however, all of the families elicit their effect through the allergic response. Most severely, cases of anaphylaxis have been documented for tropomyosins, nsLTPs (59) and PR-10s (51, 60) . Polcalcins and Fig. 1 The importance of panallergens in multiple sensitizations. Potential allergic reactions to tropomyosins can occur as a result of primary sensitization via different routes or via IgE cross-reactivities. The left hand side describes arthropod tropomyosins to which individuals are commonly exposed to via the inhalation route. Cooking vapours of crustaceans are also a possible route of exposure and sensitization. Ingestion of crustaceans and fish, as described in the right hand side, can also cause sensitization to tropomyosins ( Table 2 catalogues the mentioned tropomyosins in detail). Images were acquired from ©Ammit; psdesign1/fotolia.com and ©daagron; roblan; suchatbky; tunedin123/123RF.com.
profilins, whilst presenting slight correlations to anaphylactic reactions, have not been described as direct initiators (61), although wide associations with local reactions (i.e. oral allergy syndrome) have been documented (62) . Most frequently, profilins act as minor respiratory allergens resulting in mild allergic symptoms. However, variations in epidemiological factors may present profilin as a potentially severe food allergen and a marker for severe allergy, in particular for grass pollen allergy (44, 47, 63) . PR-10s are associated with both mild and more severe reactions (60, 64) , whilst nsLTPs are linked to more severe allergic reactions (65) . Polcalcins, whilst exclusively found in pollen sources, have not been implicated in any pollen-food cross-reactivities but are more heavily involved in mild respiratory reactions due to inhalation (66) .
Diagnosis and treatment
Panallergen sensitizations may be indicative of allergic disease severity and key in identifying a specific allergenic source, especially when sensitization rates are high (67) . Currently, a main treatment of such panallergen allergy is avoidance of the allergy causing foods. This course of action may present detrimental side effects to the patient, with regular intake of fresh fruit having associations with increased health and reduced risk in the development of several chronic diseases (52) . For the interests of patients' quality of life and nutritional satisfaction, it is of benefit to understand the demographics of panallergen sensitization in a specific detail, especially in order to be able to exactly determine the specific allergenic cause. Moreover, with evidence that panallergen sensitizations are linked to increased severity of symptoms, it is crucial to efficiently identify those patients with a higher risk of a severe reaction.
In vitro molecular-based diagnosis (MBD) uses allergenic proteins, either natural, purified or recombinantly produced, to quantify the amount of allergen-specific IgE antibodies in the blood circulation (59) . The use of microarray systems, such as the Immuno-Sorbent Allergen Chip (ISAC) used for detecting and quantifying the reactivity of specific IgE antibodies towards more than 100 allergens and allergen components, is helpful in the identification and interpretation of allergic sensitization profiles (68) . However, it must be noted that IgE positivity alone is not entirely indicative of allergy, and further information obtained by oral/respiratory provocation challenges or basophil activation tests is key in obtaining a true allergic diagnosis (47, 57, 69) . Successful diagnosis is essential for deciphering treatment; allergen immunotherapy (AIT) currently represents one of the few ways to modulate allergic disease, and success is highly variable (70) . Whilst there is potential in moderating panallergen sensitizations, in particular for food-related allergy, current commercial availability of therapeutic extracts is limited for minor allergens/panallergens (57) . Moreover, lack of standardization provides further difficulty in the use of commercial extracts (11, 71) .
Exploration of the hierarchical patterns of cross-reactive molecules may also provide further insight into panallergen sensitizations and potentially elucidate novel therapeutics based on the concept that some molecules are more crossreactive than others. A recent microarray study by Pfiffner et al. investigates the structural basis of cross-reactivity using an iterative motif detection algorithm (72) . Identifying such hierarchies raises the question as to whether treatments using AIT should constitute of more frequently cross-reacting allergens or an allergen that less frequently cross-reacts with other allergens, but targets a larger repertoire of allergens within the hierarchy. Further exploration into individual panallergen sensitization profiles (e.g. nsLTPs) (46) may provide key insight into the mechanisms of panallergens in allergy and reveal predicable patterns of cross-reactivities, thus improving diagnosis. Furthermore, using panallergens as biomarkers for disease severity and as predictors of crossreactive allergens may pose the most clinically relevant use of panallergens in allergic disease (47, 69) .
Summary and conclusions
In daily clinical practice, it is often observed that individuals allergic to fruits, nuts and vegetables have sensitivities to more than one food, not necessarily belonging to the same family. In addition, many of them are also allergic to pollens and/or seafood. These associations occur when the same IgE antibody is able to recognize similar epitopes in different panallergens and appear to be highly influenced by many variables. This phenomenon explains why some patients develop a severe allergic reaction upon ingesting allergenic foods they have never before encountered (73) . Crossreactivity can also occur due to conformational diversity of antibodies (74) and through T-cell epitopes (75) , which in turn may lead to disease. Multiple reactivity to inhalant or allergenic food sources appeared to be caused by the sensitization to at least one representative molecule from a single panallergen group, emphasising the importance of panallergens in multiple sensitizations (Fig. 1) .
In conclusion, panallergens comprise a variety of protein families of plant and animal origin and are responsible for wide IgE cross-reactivity between different allergenic sources. Panallergen sensitizations are clinical 'warning signs' for elevated risk of multiple allergies as well as severe symptoms. Thus, improving the understanding of this immunologic crossreactivity is essential for the interpretation of their clinical relevance, the development of improved diagnostic tests and the generation of more efficacious immunotherapy agents. Future studies focusing on the identification and evaluation of cross-reactive epitopes between different members of panallergenic families might provide the basis for understanding their role in sensitization and allergic reactions.
